ABSTRACT: Traditional supplemental dietary phytase loses activity during steam pelleting. The thermal tolerance and bioeffi cacy of a phytase product with a thermoprotective coating [coated phytase (C-phytase)] was compared in mash and pelleted diets to a traditional, uncoated phytase (U-phytase) added to a negative control (NC) diet, formulated with reduced dietary Ca and P, and compared with a corn-soybean meal based positive control (POC) diet. Growth performance, nutrient digestibility, and third metacarpal bone characteristics were response variables. Weaned pigs (n = 56; 8.20 ± 0.5 kg initial BW; 28 d of age) were individually housed and randomly allotted to 1 of 7 diets for 21 d. The diets were 1) POC mash, 2) NC mash, 3) NC pelleted at 90°C, 4) NC mash + 500 U/kg U-phytase, 5) NC mash + 500 U/kg C-phytase, 6) NC + 500 U/kg C-phytase pelleted at 80°C, and 7) NC + 500 U/kg C-phytase pelleted at 90°C. The POC and NC diets were formulated to be isoenergetic and isolysinic. The content of Ca and available P was 1.01 and 0.40% and 0.83 and 0.22% in the POC and NC diets, respectively. Pig BW and feed intake were measured on d 7, 14, and 21, and feces were collected for 2 d. On d 21, pigs were killed and ileal digesta and the third metacarpal bone collected. Pigs fed POC had greater (P < 0.05) ADG, G:F, P digestibility, and bone mineralization but lower (P < 0.01) energy digestibility than pigs fed NC. Pelleting the NC diet did not improve performance, nutrient digestibility, or P use. Adding the U-phytase to NC mash diet increased (P < 0.05) ADG, G:F, apparent ileal digestibility (AID) of CP and Ile, Leu, Phe, Thr, Val, and Ser, and apparent total tract digestibility (ATTD) of P compared with pigs fed NC. Pigs fed C-phytase in NC mash diets had increased (P < 0.05) G:F and an AID of CP and AA and ATTD of P compared with pigs fed NC but not different than pigs fed U-phytase NC mash diets. Pigs fed pelleted NC diet with C-phytase had a greater (P < 0.05) ATTD of P and energy than pigs fed mash NC diet with C-phytase but had similar growth performance, AID of CP and AA, and bone mineralization to pigs fed U-phytase. In conclusion, release and bioeffi cacy of phytase after pelleting was not affected by the thermal protective coating.
INTRODUCTION
Phytate, the mixed salt of phytic acid (myoinositolhexaphosphate; IP6), is present in plant-based feedstuffs used in swine diets. The antinutritive properties of phytate include forming complexes with AA, inhibiting porcine proteolytic enzymes, and increasing endogenous AA secretions, thereby reducing apparent AA digestibility and decreasing availability of P, Ca, and other divalent minerals (Selle and Ravindran, 2008) . Exogenous phytase is commonly added to swine diets to increase the availability of phytate-bound P, thereby reducing P excretion and improving nutrient digestibility (Mroz et al., 1994) .
Feed processing may interact with phytate and phytase. For example, feedstuffs contain intrinsic phytase with variable activity that does not survive pelleting Brady et al., 2002) .
tase must withstand higher processing temperatures in Traditional supplemental phytases lose their activity after pelleting (Simons et al., 1990; Brady et al., 2002; Slominski et al., 2007) . Improved thermostability would increase the practical applications of phytases for inclusion into pelleted swine diets. Thermostable phytase can -tase gene for intrinsic thermostability (Rodriguez et al., 2000; Pandey et al., 2001; Guo et al., 2007) or the application of a protective coating (Ward, 2000) that should not prevent phytase activity in mash diets.
bacterially derived, uncoated phytase in mash diets is similar to a novel coated phytase in mash and pelleted diets. The objectives were to compare the criteria growth performance, digestibility, and bone mineralization in weaned pigs of an existing bacterially derived phytase and a coated phytase in mash diets and diets pelleted at 80 and 90°C and to establish associations among these criteria.
MATERIALS AND METHODS
The animal procedures were reviewed and approved by the University of Alberta Animal Care and Use Committee Livestock and followed guidelines established by the Canadian Council on Animal Care (Olfert et al., 1993) .
Phytases
The phytases were uncoated phytase (U-phytase; Phyzyme XP; Danisco Animal Nutrition, Marlborough, UK) and coated phytase (C-phytase; XP-TPT; Danisco Animal Nutrition). Both were 6-phytases (EC 3.1.3.26) derived from Escherichia coli with an activity of 5,000 phytase units (FTU quantity of enzyme required to liberate 1 μmol of inorganic P/min at pH 5.5 from an excess of 1.5 mM sodium phytate at 37ºC (International Union of Biochemistry, 1979) .
Experimental Diets and Design
A randomized complete block design was used to investigate the response of weaned pigs to supplemental U-phytase or C-phytase (500 FTU/kg of feed) in mash or pelleted diets with decreased dietary Ca and P. Positive control (POC) and negative control (NC) diets based on corn and soybean meal were formulated (Table 1) .
The POC diet contained 1.01% Ca, 0.66% total P, and 0.40% available P whereas the NC diet contained 0.83% Ca, 0.48% total P, and 0.22% available P by decreasing the content of dicalcium phosphate and limestone. The 0.18% units decrease in available P and Ca in the NC compared with the POC diet that was larger than presently recommended (0.12 and 0.11% units, respectively, reduced available P and Ca) when 500 FTU/kg of phytase is added to swine feed. Both diets were isoenergetic and isolysinic. Vitamins, minerals, L-Lys HCL, and L-Thr were supplemented to meet the requirements for weaned pigs (NRC, 1998) . The 2 diets were mixed in 4,000 kg batches as mash (Viterra Feed Products, Sherwood Park, AB, Canada). Subsequently, 1% of AIA (Celite 281; World Minerals Inc., Santa Barbara, CA) was added as -tase (U-phytase or C-phytase) was added and mixed in individual 250 kg batches to serve as the 7 treatment diets (Marion Mixer, Marion, IA). Specifi c batches were pelleted on a 30 kW pellet mill (California Pellet Mill Co., Crawfordsville, IN) with a variable-speed conditioner at Agriculture and Agri-Food Canada (Lethbridge, Alberta, Canada) using a 5 mm die. Because of the high content of corn and whey, steam pelleting the diet was diffi cult. As such, for the high pelleting temperature, as much steam as possible was used during conditioning, and an effective pelleting temperature of 90 ± 2°C was achieved, as measured directly with a thermometer in the pelleted product upon exiting the pellet die. For the low pelleting temperature, steam was not added during conditioning and an effective temperature of 80 ± 2°C was achieved. Feed samples were collected after mixing the mash diets or pelleting the pelleted diets and were analyzed for phytase activity (Engelen et al., 1994) . Subsequently, pelleted diets were reground in a hammer mill (Jacobson Series 1; Carter Day Int., Minneapolis, MN) over a 3.2 mm screen to ensure that treatment differences, especially for growth performance, would not be due to feed form. The experimental design included 7 experimental diets (Table 2): 1) POC corn-soybean meal diet (high P andCa), mash, and 0 FTU/kg of exogenous phytase/t; 2) NC corn-soybean meal diet (low P and Ca), mash, and 0 FTU/kg of exogenous phytase/t; 3) NC, pellet at 90°C, and 0 g phytase/t; 4) NC, 500 FTU/kg of U-phytase, and mash; 5) NC, 500 FTU/kg of C-phytase, and mash; 6) NC + 500 FTU/kg of C-phytase and pellet at 80°C; and 7) NC + 500 FTU/kg of C-phytase and pellet at 90°C.
Experimental Procedures
The experiment was conducted at the Swine Research and Technology Centre at the University of Alberta (Edmonton, AB, Canada). Fifty-six pigs (Large white ×Duroc; Hypor, Regina, SK, Canada) were weaned at 19 ± 1 d of age. After weaning, pigs were fed sequentially commercial phase 1 [241 g CP/kg, 2.66 Mcal NE/ kg, 1.64% standardized ileal digestible (SID ) Lys, 1.01% Ca, and 0.59% available P] and phase 2 (203 g CP/kg, 2.63 Mcal NE/kg, 1.24% SID Lys, 1.01% Ca, and 0.40% available P) diets (Viterra Feed Products) for 2 and 5 d, respectively. One week after weaning, pigs (8.2 ± 0.5 kg initial BW) were housed in raised individual metabolism pens that allowed freedom of movement (1.21 m long, 0.54 m wide, and 0.77 m high; raised 0.76 m). Pens were equipped with a stainless-steel self-feeder attached to the front of the pen, nipple drinker, plastic walls, and slatted plastic fl ooring in a temperature-controlled room (26 ± 2ºC). Each pig was randomly fed 1 of 7 diets during a 21-d period, resulting in 8 observations per diet. Pigs had free access to feed and water for the entire study. Pigs were weighed at the start of the experiment and weekly thereafter. Feed provided and remaining were weighed to determine feed disappearance, and the combined data were used to calculate ADG, ADFI, and G:F. Feces were collected from 0800 to 1600 h on d 18, 19, and 20, pooled by pig, and frozen at -20ºC. On d 21, free access to feed and water continued. Starting at 0900 h, 8 blocks of 7 pigs with 1 pig per diet were euthanized in sequence during the day to encourage similar intake and digesta fl ow reaching the distal small intestine within block. General anesthesia was induced in pigs with an injection of ketamine HCl (Ketalean; Bimeda-MTC, Cambridge, ON, Canada), xylazine (Rompun; Bayer Inc., Toronto, ON, Canada), and azaperone (Stresnil; Janssen Pharmaceutica, Beerse, Belgium). Afterward, pigs were killed by intracardiac injection of pentobarbital sodium (Euthanyl; Bimeda-MTC, Cambridge, ON, Canada) and immediately exsanguinated (Metzler-Zebeli et al., 2012) . The gastrointestinal tract was removed, and the small intestine was divided into 4 segments of equal length, using the slaughter technique (Bach Knudsen et al., 2006) . The content of the distal 25% of the small intestine (ileal digesta) was collected and frozen at -20°C. Subsequently, metacarpal bones were collected from the left forelimb after removing fl esh. Metacarpal bones were soaked in methanol for 24 h and subsequently in diethyl ether for 48 h to extract fat. Bones were left exposed in a fume hood overnight. Defatted bones were placed in a100°C drying oven for 8 to 12 h. The dry and defatted bones were weighed and then ashed in a muffl e furnace at 600°C for 48 h. Before analyses, feces and digesta were freeze dried, ground, and homogenized.
Chemical Analyses
Feed and freeze-dried feces and digesta were ground in a centrifugal mill (Model ZM 200; Retsch Co., Newtown, PA) over a 1-mm screen. Feed and feces were analyzed for DM by drying at 135ºC in an airfl owtype oven for 2 h (Method 930.15; AOAC Int., 2006). Acid-insoluble ash content was analyzed by the method of Vogtmann et al. (1975) modifi ed by Newkirk et al. (2003) . The GE of feed and feces was analyzed by an adiabatic calorimeter (Model AC-300; Leco Corp., St. Joseph, MI). Phosphorus in feed, feces, and bone were analyzed by a spectrophotometer (Model 80-2097-62; LKB-Ultraspec III, Pharmacia, Cambridge, UK) at 470 nm after ashing at 600ºC (Method 965.17; AOAC Int., 2006) . Amino acids in feeds and digesta were analyzed after acid hydrolysis by the method described by Sedgwick et al. (1991) ; Gly was not reported, and Met, Cys, and Trp were not analyzed. Based on the results of chemical analysis, digestibility of nutrients was calculated using the AIA concentration of feed, digesta, and feces (Adeola, 2001 ).
Statistical Analyses
Differences in growth performance variables, bone mineralization, and diet nutrient digestibility among diets were analyzed as a completely randomized design using the MIXED procedure (SAS Inst. Inc., Cary, NC). Diet was the fi xed and pig was the random factor in the statistical model. Initial BW was used as a covariate for all variables analyzed. The pig was considered the experimental unit. Growth performance was analyzed as repeated measures. Treatment means were separated by the probability of difference using LSMEANS and PDIFF statements. Differences were considered significant if P < 0.05. Principal component (PC) analysis was performed using JMP software of SAS. The loading plot was used to observe correlations among digestibility of nutrients and growth performance variables.
RESULTS
Phytase activity was <50 U/kg in POC and NC diets without phytase supplementation after mixing or pelleting ( Table 2 ). The analyzed phytase activity in the NC mash diets supplemented with U-phytase (1 batch) and C-phytase (3 batches) was close to the expected target, but phytase activity was 5 and 15% lower, respectively, for C-phytase pelleted at 80 and 90°C.
The ADG was similar (Table 3 ) among diets during d 1 to 7 and 8 to 14. In the third week and for d 1 to 21, pigs fed POC diet had a greater (P < 0.05) ADG than pigs fed the NC diet. Pelleting the NC diet not impact ADG. Pigs fed the NC diet supplemented with U-phytase had a greater (P < 0.05) ADG than pigs fed the NC diet without phytase. Pigs fed pelleted NC diet with C-phytase had similar ADG as pigs fed mash NC diet with C-phytase, and both had an ADG similar to pigs fed NC diet supplemented with U-phytase.
The ADFI was similar (Table 3 ) among diets during d 1 to 7, 8 to 14, and 1 to 21. In the third week, pigs fed the POC diet had a greater (P < 0.05) ADFI than pigs fed the NC diet without phytase. Pelleting the NC diet did not impact ADFI. Pigs fed the NC diet supplemented with U-phytase had a greater (P < 0.05) ADFI than pigs fed the NC diet without phytase. Pigs fed pelleted NC diet with C-phytase had similar ADFI as pigs fed mash NC diet with C-phytase, and both had an ADFI similar to pigs fed NC diet supplemented with U-phytase.
Pigs fed the POC diet had a greater (P < 0.05; Table 3 ) G:F than pigs fed the NC diet without phytase during d 1 to 7 and d 1 to 21. Pelleting the NC diet did not impact G:F. For d 1 to 21, pigs fed the NC diet supplemented with U-phytase had a greater (P < 0.05) G:F than pigs fed the mash NC diet without phytase. Pigs fed the pelleted NC diet with C-phytase had similar G:F as pigs fed mash NC diet with C-phytase, and both had a G:F similar to pigs fed NC diet supplemented with U-phytase.
The apparent ileal digestibility (AID) of CP and AA was similar (Table 4) in pigs fed POC diet and NC diet without phytase. Pelleting the NC diet increased (P < 0.05) the AID of Ile and Leu by 9% but not the AID of Arg, Lys, His, Phe, Thr, Val, or the dispensable AA. Pigs fed NC diet supplemented with U-phytase had a 13% greater (P <0.05) AID of CP, Ile, Leu, Phe, Thr, Val, and Ser than pigs fed mash NC without phytase. Pigs fed pelleted NC diet supplemented with C-phytase had a similar AID of CP and AA as pigs fed mash NC diet with C-phytase. Pigs fed the NC diet supplemented with C-phytase as mash or pellets had a similar AID of CP and AA as pigs fed NC diet supplemented with U-phytase.
Pigs fed POC diet had a greater (P < 0.05; Table 5 ) apparent total tract digestibility (ATTD) of P and digestible P but less ATTD of energy than pigs fed NC diet without phytase. Pelleting the NC diet did not impact ATTD of P or energy. Pigs fed NC diet supplemented with U-phytase had a greater (P < 0.05) ATTD of P but not energy than pigs fed NC without phytase. Pigs fed mash or pelleted NC diet supplemented with C-phytase had a greater (P < 0.05) ATTD of P than pigs fed the NC diet without phytase. Pigs fed pelleted NC diet with C-phytase had a greater (P < 0.05) ATTD of P and energy than pigs fed mash NC diet with C-phytase. Pigs fed pelleted NC diet supplemented with C-phytase had a greater (P < 0.05) ATTD of energy and similar ATTD of P to pigs fed NC diet supplemented with U-phytase.
Pigs fed POC diet had a greater (P < 0.05; Table 6 ) bone ash and P content than pigs fed the NC diet without phytase. Pelleting the NC diet did not impact bone mineralization. Pigs fed NC mash diet supplemented with U-phytase had a greater (P < 0.05) bone ash and P content than pigs fed NC mash diet without phytase. Pigs fed mash or pelleted NC diet supplemented with C-phytase had a similar bone mineralization compared with pigs fed the NC mash diet supplemented with U-phytase. Pigs fed pelleted NC diet with C-phytase had a similar bone mineralization as pigs fed mash NC diet with C-phytase.
The PC analysis (Fig.1) indicates that PC 1 and PC 2 explained 86.3% of the variation. Combined with the length of the arrows, the loading plot indicates that variables of growth performance were strongly, positively correlated to P variables. In contrast, both P and growth performance variables were weakly correlated with energy variables and AID of CP, Lys, and Thr. Conversely, ATTD of P was correlated with AID of Lys and Thr.
DISCUSSION
In the present study, growth performance, digestibility of P, and bone mineralization differed between pigs fed the POC and NC diets. The decrease in dietary Ca and P selected for the present study ensured that P and Ca were indeed limiting in the NC diet; therefore, the NC diet was a solid basis to detect the impact of supplemental phytase. The present study is among the fi rst in pigs indicating that bioeffi cacy of unique supplemental phytase can be maintained during steam pelleting whereas similar research has been conducted with poultry (Kirkpinar and Basmacioğlu, 2006; Timmons et al., 2008; Woyengo et al., 2010) .
Thermostability and Enzyme Activity
Phytases, either intrinsic to feed grains or supplemental, are sensitive to heat and therefore temperatures, commonly used during steam pelleting of pig and poultry feeds (Nunes, 1993; Pointillart et al., 1993; Kemme et al., 1997) . Two methods exist to improve the thermotolerance of supplemental feed enzymes: 1) through selection or genetic engineering of phytases (Bedford et al., 2002; Bedford and Graham, 2008) or 2) through the use of additives and feedstuffs to protect phytase (Ribeiro et al., 2003) such as coating technologies that protect the phytase (George and Rao, 2001; Wilson and Ward, 2002) . In the present study, a protective coating was used to maintain phytase activity after steam pelleting.
Low phytase activity was detected in diets without supplemental phytase because of low intrinsic phytase activity in feed grains or cereal-based feedstuffs (Eeckhout and De Paepe, 1994; Ravindran et al., 1999; Viveros et al., 2000) used in the present experimental a−c Within a row, means without a common superscript differ (P < 0.05).
1 Eight pig observations per treatment were obtained. Phytase (Danisco Animal Nutrition, Marlborough, UK) was added at 500 units/kg of feed to negative control diets with both Ca and total P decreased by 0.18% compared with the positive control diet. diets. In NC mash diets supplemented with U-phytase or C-phytase, measured phytase activity was close to specifi cations by the manufacturer, indicating the diets were mixed properly. After pelleting, the measured phytase activity in pelleted NC diets supplemented with C-phytase was decreased similar to the reduced lower phytase activity in pelleted broiler diets based on corn and soybean meal supplemented with C-phytase (Woyengo et al., 2010) . This reduced activity might be due to alterations in the primary and secondary structure of phytase resulting from exposure to heat (Spring et al., 1996) . Hydrothermal processes such as pelleting are recognized as potentially destructive for phytase ; however, 85% of phytase in pelleted diets remained biologically intact in the present study. Apparently, the phytase in pelleted diets was released from the coating in the upper intestine, resulting in similar overall bioeffi cacy as U-phytase or C-phytase in mash diets.
Phytase Supplementation
Feedstuffs derived from crops contain much of total P as phytic acid. For example, corn and soybean meal contain approximately 78 and 45% of P as phytic acid, respectively (Viveros et al., 2000) . In the present study, supplementation of U-phytase and C-phytase did not affect ADFI but improved G:F compared with the NC diet. These results are similar to other studies with young pigs fed mash diets defi cient in P containing supplemental phytase (Cromwell et al., 1993; Adeola et al., 1995 Adeola et al., , 2004 Kornegay and Qian, 1996; Augspurger et al., 2003) .
The C-phytase in diets pelleted at 80 and 90ºC but not C-phytase or U-phytase in mash diets improved ATTD of energy and DE content. Interestingly, pelleting itself did not increase ATTD of energy in the NC diet without phytase, indicating that this increase in the pelleted NC diets with C-phytase was likely a synergistic interactive effect between phytase and steam pelleting that might have increased access for phytase to bonds linking energy to phytate. Supplemental phytase in diets that contain phytate may hydrolyze phytate bonds (Maga, 1982) thereby releasing other nutrients that provide energy such as starch (Oatway et al., 2001 ). The present study is among a few that also reported improved ATTD of GE and DE content (O'Doherty et al., 1999; Brady et al., 2002; Fan et al., 2005) . Phytases derived from E. coli might be more suited to the environment in the upper intestinal tract through a combination of better pH profi les, far greater resistance to proteolytic hydrolysis (Igbasan et al., 2000 (Igbasan et al., , 2002 , and improved thermotolerance combined with coating. Loading plot from principle component (PC) analysis that shows interrelationships of digestibility of nutrients (solid line) and growth performance (dotted line) of weaned pigs. In PC analysis, the length, direction, and angle between arrows indicates the correlation between variables or between variables and principle components axes (e.g., α = 0º and r =1, α = 90º and r = 0, and α = 180º and r =1). Percentages on x and y axes indicate proportions of variability of data that are described with the corresponding PC in the model. AID = apparent ileal digestibility; ATTD = apparent total tract digestibility; DDPI = daily digestible P intake; Dig P = digestible P; and DPI = daily P intake.
The effects of phytase on AA digestibility are still debated. In swine, some studies report improvements in AID of AA (Mroz et al., 1994; Liao et al., 2005) whereas others report lack thereof (Bruce and Sundstol, 1995; Traylor et al., 2001 ). Many factors may cause this inconsistency, for example, differences among feedstuffs, dietary level of Ca and non-phytate P, and choice of the indigestible marker used in the digestibility assay (Selle and Ravindran, 2007) . Likewise, feed management (free access to feed in the present study) may infl uence differences, and the use of the slaughter method may increase variability around treatment means (Bach Knudsen et al., 2006) . Dietary phytate increases endogenous AA fl ow (Ravindran et al., 1999) and may form protein-phytate complexes in the gut (Selle et al., 2000) thereby decreasing the AID of AA that can be counteracted by supplemental phytase (Selle and Ravindran, 2007) . In the present study, phytase supplementation improved AID of CP and some indispensable AA but not Lys, indicating that phytase released some AA bound to phytate in cornsoybean meal diets (Selle et al., 2000) but may not increase protein deposition via increased AID of AA in all instances. In the present study, steam pelleting increased AID of AA similar to previous research (Lahaye et al., 2008) , even though to a lesser extent than supplemental phytase (only AID of Ile and Leu), and also it did not undo positive effects of phytase supplementation.
Phosphorus Digestibility and Bone Mineralization
The effect of phytase on improving P digestibility has been consistent. For young pigs, many studies reported the effect of supplemental phytase on P digestibility. Phytase of different origin such as Aspergillus niger (Lei et al., 1993a,b; Yi et al., 1996; Rodehutscord et al., 1999) and E. coli (Igbasan et al., 2001; Adeola et al., 2004; Jendza et al., 2006; Sands and Kay, 2007) improved the ATTD of P in mash diets. In the present study, phytase supplementation as U-phytase in mash or C-phytase in mash or pelleted corn-soybean diets improved ATTD of P. These fi ndings indicate that P was liberated from phytate and that, after pelleting, phytase activity was suffi cient to release P in equivalent amounts as in mash diets.
The effi cacy of phytase supplementation in pigs fed diets low in P has been studied using bone mineralization in metacarpal, metatarsal, and femur (Cromwell et al., 1995a,b; Veum, 1996; O'Quinn et al., 1997; Hinson et al., 2009 ) and the tenth rib bone (Harper et al., 1997) as response variables. In poultry fed low-P diets, similar reports have indicated benefi ts of phytase supplementation to maintain bone mineralization (Ribeiro et al., 2003; Kirkpinar and Basmacioğlu, 2006; Timmons et al., 2008) . Such studies can be further strengthened with breaking strength or other functional characteristics (Onyango et al., 2003) ; however, the importance of bone mineralization as a response variable of phytase activity is undisputed. In the present study, supplementation of U-phytase or C-phytase improved bone mineralization in the NC diet.
Phytase Link with Response Variables
The present study demonstrated strong links between P variables and growth performance variables but not between growth performance variables and energy and AA variables. Therefore, increased ATTD of P but not increased AID of Thr caused by phytase in pigs was associated with improved G:F. These results fi t because phytase did not increase AID of the fi rst limiting AA, Lys, and based on the experimental design used, the diets were defi cient in P. Combined, the positive effects of phytase on growth performance cannot be ignored.
In conclusion, results from the present study indicated that coated phytase maintained its bioeffi cacy after steam pelleting. Coated phytase can therefore be added as supplemental phytase in mash and pelleted diets.
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